The integrated stress response (ISR) protects cells from numerous forms of stress and is involved in the growth of solid tumours; however, it is unclear how the ISR acts on cellular proliferation. We have developed a model of ISR signalling with which to study its effects on tissue growth. Overexpression of the ISR kinase PERK resulted in a striking atrophic eye phenotype in Drosophila melanogaster that could be rescued by co-expressing the eIF2 phosphatase GADD34. A genetic screen of 3000 transposon insertions identified grapes, the gene that encodes the Drosophila orthologue of checkpoint kinase 1 (CHK1). Knockdown of grapes by RNAi rescued eye development despite ongoing PERK activation. In mammalian cells, CHK1 was activated by agents that induce ER stress, which resulted in a G2 cell cycle delay. PERK was both necessary and sufficient for CHK1 activation. These findings indicate that non-genotoxic misfolded protein stress accesses DNA-damage-induced cell cycle checkpoints to couple the ISR to cell cycle arrest.
Introduction
Secreted proteins are folded, modified and assembled into multiprotein complexes in the endoplasmic reticulum (ER) (Ron and Walter, 2007) . When impaired ER protein folding threatens to overwhelm chaperone reserves, a homeostatic mechanism called the unfolded protein response (UPR) is activated. The UPR combines transient attenuation of protein synthesis with a transcriptional program that increases protein-folding capacity. The ER-resident kinase PERK (eukaryotic translation initiation factor 2 kinase, also known as PEK) phosphorylates the translation initiation factor eIF2 to induce the translational attenuation Harding et al., 1999) . Protein translation is subsequently restored by induction of GADD34, an eIF2 phosphatase (Brush et al., 2003; Ma and Hendershot, 2003; Novoa et al., 2001 ). This translational response can be invoked by other stresses, each with its own cognate kinase, and has therefore been termed the 'integrated stress response' (ISR) (Harding et al., 2003) .
eIF2 phosphorylation is therefore a necessary adaptation to ER and other stresses, but it has become apparent that it might also contribute to cell death and tissue dysfunction if sustained (Harding et al., 2000a; Harding et al., 2001; Kumar et al., 2001; Lin et al., 2009; Marciniak et al., 2004; Srivastava et al., 1998; Zinszner et al., 1998) . In the mammary epithelium, PERK limits growth during acinar morphogenesis and dominant-negative PERK constructs are tumorigenic in breast-cancer-derived cells, suggesting that PERK negatively regulates growth of this tissue (Sequeira et al., 2007) . However, solid tumours deficient in PERK grow poorly in hypoxic conditions, revealing a role for the ISR in enabling tissues to match cell proliferation with oxygen and nutrient supply (Bi et al., 2005) . Indeed, regulation of the rate of protein translation in response to nutrient levels is an important factor in determining cell growth and helps to integrate stress signalling from other kinases, such as AMPK and mTOR (Liu et al., 2006) . In disease states characterised by ER stress, it is likely that impaired cellular proliferation caused by PERK manifests as pathology in tissues where continued proliferation is required, for example in pancreatic -cells. However, the mechanisms by which ER stress affects the cell cycle remain poorly understood. We therefore, aimed to perform a screen for modifiers of PERK-induced attenuation of tissue development to dissect these complex phenomena.
Here, we report the generation of a Drosophila model of PERK activation that we used in an unbiased forward genetic screen for PERK effectors. Among those effectors identified was a transposable element insertion in the grapes gene. CHK1, the mammalian orthologue of grapes, was rapidly activated in cultured mammalian cells in response to ER stress. PERK activation was both necessary and sufficient for this to occur. During genotoxic stress, CHK1-mediated degradation of CDC25A arrests the cell cycle (Sanchez et al., 1997) . We found that during ER stress, CDC25A was rapidly degraded in cultured cells, but could be partially stabilised by knockdown of CHK1. These findings indicate that non-genotoxic misfolded protein stress accesses DNA-damageinduced cell cycle checkpoints to couple ER stress to cell cycle arrest.
Results

Generation of a Drosophila model of prolonged PERK activation
Human and Drosophila PERK proteins share 32% identity (Sood et al., 2000) . We generated UAS-PERK that allows full-length Drosophila PERK overexpression through the Gal4-UAS gene system (Brand and Perrimon, 1993 (Freeman, 1996) . When flies were grown at 18°C, it was possible to isolate a single line with a visible defect in eye morphogenesis, but without significant lethality (Fig. 1A) . However, at 25°C, the eye phenotype was more severe and GMR>PERK flies failed to eclose at the expected mendelian ratios (supplementary material Fig. S1A,B) . The sensitivity of this system to small changes in PERK expression 2893 ISR and CHK1 activation suggested it would be suitable to screen for PERK modifiers. The eye phenotype was dependent upon PERK kinase activity, because flies expressing the K671R-PERK mutant (kinase dead) that lacks kinase activity in vitro (Pomar et al., 2003) showed normal eye development despite at least equivalent levels of transgene expression (Fig. 1A,B) . During activation, PERK undergoes transautophosphorylation, which results in retarded mobility on SDS-PAGE (Harding et al., 1999; Marciniak et al., 2006) . To detect PERK expression, antisera to a recombinant PERK-GST were generated. Overexpressed PERK migrated as two species on SDS- This reflects the preservation of PERKexpressing retinal tissue. (C)Fluorescence microscopy images of representative eye imaginal discs labelled for DNA synthesis with BrdU (red) and for PERK expression (green). All images aligned anterior (right) to posterior (left). Note the stripe of BrdU labelling indicative of DNA synthesis (S phase) immediately posterior to the morphogenetic furrow (arrowheads). GMR>PERK and GMR>PERK ϫ GADD34 discs show no differences. (D)Fluorescence microscopy images of representative eye imaginal discs stained for phospho-histone H3 (phospho-H3, green) and ELAV expression (red). Note the stripe of phospho-H3 labelling, indicative of mitosis (M phase) posterior to the morphogenetic furrow (arrowheads). In the GMR>PERK eye imaginal discs, this stripe is markedly broadened. (E)Fluorescence microscopy images of representative eye imaginal discs in which PERK expression (blue) was driven in mosaic clones (GFP absent) by the tubulin promoter using the Gal4-Gal80 temperature-sensitive system. Top panel shows the kinase-dead PERK-expressing discs, whereas the bottom panel shows those expressing wild-type PERK. Phospho-histone H3 staining (red) was used to mark mitosis. Note the absent second mitotic wave in the clones lacking GFP expression (lower panel). Genotype: ey-flp; tubulin>Gal80 ts ; tubulin>FRT, GFP, stop, FRT, PAGE and immunoblot, with an upper active band (Fig. 1B , black triangle) and an inactive lower band (Fig. 1B, white triangle) . In unstressed conditions, endogenous PERK is held inactive through interaction of the ER chaperone BiP with its luminal stress-sensing domain (Bertolotti et al., 2000) . Overexpression of PERK probably overwhelms the capacity of BiP to maintain all PERK molecules in their inactive state resulting in autoactivation.
To confirm that the eye phenotype was mediated by phosphorylation of eIF2, the physiological target of PERK, we generated fly lines expressing murine GADD34, a regulatory subunit of protein phosphatase 1 (PP1) that directs phosphatase activity specifically towards eIF2 (Novoa et al., 2001) . When expressed at low levels, GADD34 failed to affect eye development (Fig. 1A) . However, GADD34 rescued the developmental abnormalities caused by PERK overexpression (Fig. 1A) . This was not through trivial effects on transgene expression, because levels of PERK protein were preserved in the double transgenic animals ( Fig. 1B and Fig. 2B ).
We reasoned that the eye phenotype might reflect activation of pro-apoptotic pathways. However, when GMR-Gal4 was used to drive PERK in combination with the caspase antagonist p35, synthetic pupal lethality was observed (n3, data not shown). By contrast, expression of either caspase antagonist alone had no detectable toxic phenotype. This raised the possibility that apoptotic death of a subset of cells is necessary for survival of the PERKexpressing flies; alternatively, forced overexpression of PERK might have revealed a survival benefit of caspase activation during ISR signalling.
To determine whether PERK expression posterior to the morphogenetic furrow affected cell cycle progression, eye imaginal discs were dissected from third instar larvae and stained for markers of S-phase (BrdU) or mitosis (phospho-histone H3) (Fig. 1C,D) . The region of retinal differentiation posterior to the morphogenetic furrow was demonstrated either by staining for PERK overexpression (Fig. 1C) or expression of ELAV (Fig. 1D ). BrdU incorporation was no different between PERK-expressing animals and controls expressing both PERK and GADD34 (Fig. 1C) or driver controls (data not shown). By contrast, the second mitotic wave was less well defined in the GMR>PERK animals compared with driver controls (Fig. 1D , arrowhead and supplementary material Fig. S1C ). We tested this further by driving expression of either the wild-type PERK or the kinase-dead mutant under the tubulin promoter for 14 hours in mosaic clones using the conditional Gal4-Gal80 temperature-sensitive system (McGuire et al., 2003) (Fig. 1E) . Expression of the inactive mutant had no effect on the second mitotic wave identified by phospho-histone H3 staining; by contrast expression of wild-type PERK markedly reduced phosphohistone H3 staining. These results suggested that, surprisingly, PERK expression did not affect G1-S progression in the developing eye, but was associated with impaired G2-M progression.
Genetic screen for suppressors of the PERK eye phenotype
The GMR>PERK model was then used in an unbiased screen for genetic modifiers. Virgin female PERK-expressing flies were crossed with males from a library of 3000 Gene Search (GS)-element insertions (Rival et al., 2009; Toba et al., 1999) . GS elements are modified transposons that insert pseudo-randomly into the fly genome, resulting either in up-or downregulation of neighboring genes. We selected offspring that expressed both PERK and the GS-element and screened them for suppression of the 2894 Journal of Cell Science 123 (17) small, depigmented PERK eye. Eighty-three lines (2.7%) rescued eye development, which yielded 32 unique suppressor loci. Twentyfour of these suppressors still displayed overexpression of PERK when fly heads were assessed by SDS-PAGE and immunoblot analysis. Among these suppressors was an intronic insertion in the grapes gene (2L:16,684,855) that is likely to disrupt transcription ( Fig. 2A) . Preserved PERK expression in the rescued animals suggested that the rescue represented a bone fide genetic interaction and not a consequence of impaired transgene expression (Fig. 2B) . Grapes is the Drosophila orthologue of mammalian checkpoint kinase 1 (CHK1), which is required for the G2-M DNA-damage checkpoint (Fogarty et al., 1997; Liu et al., 2000; Zachos et al., 2003) . In eukaryotes, CHK1 activation requires the interaction of a complex containing RAD9, RAD1 and HUS1 with damaged DNA and subsequent recruitment of the kinase ATR (Martinho et al., 1998; Takai et al., 2000; Weiss et al., 2002) . CHK1 activation, in turn, leads to cell cycle arrest both by activation of the tumour suppressor p53 and inactivation of the dual specificity phosphatase CDC25 (Roos and Kaina, 2006; Sanchez et al., 1997) . The grapes insertion line (2L:16,684,855) successfully complemented the maternal lethality phenotype of grp 1 (2L:16,685,378) (Fogarty et al., 1997) , a well-characterised null allele, indicating that the line that rescued the eye phenotype in flies expressing PERK was not a complete null. A grapes siRNA (v12680, Vienna Drosophila RNAi Center VDRC, Austria) rescued the PERK eye phenotype (Fig. 2C) , although less completely than the P-element insertion. This probably reflects the sensitivity of cell cycle progression to grapes protein levels. Consistent with this, grapes has been shown to have a crucial role during the late nuclear cycles of Drosophila embryos (Fogarty et al., 1997; Fogarty et al., 1994) , perhaps through effects on altered chromosomal condensation (Yu et al., 2000) , cyclin A degradation (Su et al., 1999) or cyclin B localisation (Royou et al., 2008) . Similarly, CHK1 is essential for mammalian embryogenesis (Liu et al., 2000; Takai et al., 2000; Zachos et al., 2003) , but also behaves as a haploinsufficient tumour suppressor, with tumours failing to lose both alleles (Lam et al., 2004; Liu et al., 2000) .
CHK1 undergoes transient activation during ER stress mediated by PERK
The relevance of CHK1 to PERK signalling was then assessed in cultured HCT116 human colon carcinoma cells. These cells were chosen because they possess intact cell cycle checkpoints (Zhang et al., 2006) . Treatment with thapsigargin inhibits the SERCA calcium pump and rapidly induces ER stress. This resulted in phosphorylation of CHK1 on Ser317 (Fig. 3A,B) . Similar results were obtained with murine embryonic fibroblasts (MEFs) (Fig.  3C ). Phosphorylation of Ser317 by the kinase ATR is required for CHK1 activation during genotoxic stress, for example UV irradiation (Martinho et al., 1998; Weiss et al., 2002; Zhao and Piwnica-Worms, 2001 ). This provided a positive control. Similar CHK1 Ser317 phosphorylation was seen with other ER-stressinducing agents, including tunicamycin and DTT (Fig. 3C) .
The time-course of CHK1 phosphorylation was similar to that previously described for eIF2 phosphorylation by PERK in response to ER stress (Harding et al., 1999) . We therefore tested the effect of PERK genotype on ER-stress-induced CHK1 phosphorylation (Fig. 4) . There was a rapid but transient phosphorylation of CHK1 in Perk +/+ MEFs (Harding et al., 2000b) , but this was absent in Perk -/-MEFs (Fig. 4A) . Several parallel signalling pathways are activated during ER stress (Ron and Walter, 2007) . We therefore assessed whether PERK was sufficient for activation of CHK1 by using the Fv2E-PERK chimeric kinase, wherein the stress-responsive ER luminal domain of PERK is replaced by the Fv2E dimerisation motif (Fig. 4B ). This protein is normally inactive, but undergoes dimerisation upon treatment of cells with AP20187 (Lu et al., 2004b) . This causes activation by trans-autophosphorylation of the kinase domain, which is detectable as an upward size shift on SDS-PAGE (Harding et al., 1999; Lu et al., 2004b; Marciniak et al., 2006) . There was rapid phosphorylation of Ser317 in CHK1 when cells were treated with AP20187 (Fig.  4B ). This occurred in both the cytosolic and nuclear fractions of CHK1, again displaying a transient nature despite sustained activation of Fv2E-PERK (Fig. 4B) .
The rescue by GADD34 of the GMR>PERK model demonstrated that eIF2 phosphorylation was responsible for the eye phenotype (Fig. 1A) . We wished to determine whether CHK1 phosphorylation was also mediated by eIF2 phosphorylation or was an unrelated consequence of PERK activation. PERK phosphorylates eIF2 on Ser51, but cells homozygous for an alanine substitution of this residue are immune to the translation attenuation effects of PERK (Scheuner et al., 2001 ). We treated wild-type eIF2 SS and mutant eIF2
AA cells with thapsigargin to induce ER stress and assessed the degree to which CHK1 was phosphorylated (Fig. 4C) . In wildtype eIF2 SS cells, the expected phosphorylation of CHK1 on residue 317 was observed, but when mutant eIF2 AA cells were similarly treated, no CHK1 phosphorylation was detected. CHK1 phosphorylation is therefore a response to eIF2 phosphorylation rather than CHK1 being a PERK substrate. Since eIF2 phosphorylation attenuates protein synthesis, we tested the effect of direct inhibition of protein translation with cycloheximide (Fig.  4C ). This agent induced rapid phosphorylation of CHK1 but, as expected, was insensitive to the serine-to-alanine substitution because cycloheximide acts directly upon the ribosome.
Taken together, these data demonstrate that in mammalian cells, PERK-mediated phosphorylation of eIF2 and the consequent inhibition of protein translation result in phosphorylation of CHK1 on Ser317.
CHK1 impairs G2 cell cycle progression during ER stress
Next, we investigated the effect of ER stress and isolated PERK activation on cell cycle progression in mammalian cells. Treatment of asynchronous CHO cells with either tunicamycin or thapsigargin caused a progressive G1 cell cycle arrest at 24 and 36 hours (Fig.  5A , left and middle panels). A similar response has previously been described in mammalian cells and suggested to involve PERKmediated loss of cyclin D1 (Brewer and Diehl, 2000; Brewer et al., 1999; Raven et al., 2008) . It was therefore surprising that treatment of CHO cells stably expressing Fv2E-PERK with AP20187 for up to 36 hours caused no G1 cell cycle arrest (Fig. 5A, right panel) . To determine whether this effect was dependent upon the degree of PERK activation, cells were treated with 0 to 100 nM AP20187 and still no evidence of G1 arrest was observed, despite activation of Fv2E-PERK and loss of cyclin D1 (supplementary material Fig.  S2A,B) .
It was important to establish whether CHK1 activity is relevant to cell cycle progression during ER stress. HCT116 cell lines have previously been generated that express CHK1 siRNA or a scrambled control siRNA under the control of a tetracycline-responsive promoter (Ganzinelli et al., 2008) . When cultured in the presence of doxycycline, levels of CHK1 protein were knocked down by over 75% as estimated by immunoblot (Fig. 5B) . Remarkably, when asynchronous cultures of HCT116 cells were treated with thapsigargin, an early increase in G2 phase cells was observed that was completely abrogated by CHK1 siRNA (Fig. 5C-E) . In addition, after 24 hours, control cells demonstrated substantial 2896 Journal of Cell Science 123 (17) increases in sub-G1 cells, suggestive of apoptosis (Fig. 5C,D,F ). Double labelling with propidium iodide and FITC-conjugated Annexin V demonstrated late apoptotic changes and evidence of necrosis following thapsigargin treatment, which were ameliorated by CHK1 siRNA (supplementary material Fig. S3 ).
Since CHK1 mediated loss of CDC25, a phosphatase required to maintain the activity of many cyclin-dependent kinase complexes (Boutros et al., 2007) , we hypothesised that ER-stress-induced loss of CDC25 might also occur and contribute to inhibition of the cell cycle. CDC25A is a short-lived protein that has been observed to decay on inhibition of protein translation with cycloheximide (Molinari et al., 2000) . We therefore tested the effect of ER stress on CDC25A and observed a rapid decline with thapsigargin treatment (Fig. 6A,B) . When CHK1 was partially depleted by RNA interference (Ganzinelli et al., 2008) , stabilisation of CDC25A was observed (Fig. 6A,B) .
Previous studies have identified loss of cyclin D1 as a potential mediator of PERK-dependent cell cycle arrest (Brewer and Diehl, 2000; Brewer et al., 1999) . However, when we tested the effect of three UAS-cyclin-D lines on eye development in GMR>PERK flies, each failed to rescue eye morphogenesis (data not shown and supplementary material Fig. S4 ). By contrast, forced overexpression of cyclin E partially rescued eye development (Fig. 6C ). This effect did not reflect a generalised positive effect on eye development, because cyclin E failed to rescue other rough-eye models including overexpression of wild-type Tau, R406W Tau or dronc (supplementary material Fig. S4B,C) . Indeed, in some cases, the rough eye phenotype was worsened by cyclin E (supplementary material Fig. S4B,C) .
Taken together, these data provide evidence for the involvement of CHK1 in cell cycle responses during PERK activation via a pathway illustrated in Fig. 6D . This pathway provides a mechanistic explanation for some of the impairment of cell cycle progression seen during ER stress. It also identifies a site of interaction between DNA damage response networks and the integrated stress response.
Discussion
Cells and animals deficient in PERK are hypersensitive to ER stress Harding et al., 2000b) , but prolonged signalling through PERK impairs cell growth and triggers cell death (Harding et al., 2009; Lin et al., 2009 ). This suggests that the utility curve of translation attenuation is biphasic. Our study has shed light on the descending limb of this curve by identifying how it impacts on cell cycle components at several levels. In a screen for effectors of PERK signalling, we identified grapes, a component of the DNA damage response. Subsequent analysis of cultured mammalian cells revealed ER-stress-induced phosphorylation of CHK1 to be a consequence of eIF2 phosphorylation and subsequent translational repression. We also observed that ER stress destabilises CDC25A in a CHK1-dependent manner to cause G2 cell cycle delay.
The integrated stress and DNA damage responses are known to share components. For example, cell cycle arrest after UV irradiation is mediated in part by phosphorylation of eIF2 by GCN2 or PERK, although the mechanism of kinase activation is unknown (Jiang and Wek, 2005; Wu et al., 2002) . The eIF2 phosphatase GADD34 was first studied in the context of the DNA damage response, accordingly its name derives from 'growth arrest and DNA damage 34' (Fornace et al., 1989; Hollander et al., 1997; Zhan et al., 1994) . Only later was it found to affect ER stress signalling (Novoa et al., 2001) . Similarly, CHOP, a transcription factor induced by ER stress, is identical to GADD153, which is induced by numerous genotoxins (Barone et al., 1994; Friedman, 1996; Gately et al., 1994; Gujuluva et al., 1994; McCullough et al., 2001 ). However, our study is the first to implicate CHK1 in the cell cycle effects of the ISR; although, transcriptional profiling previously identified a factor involved in CHK1 activation, RAD1, to be induced during ER stress (Marciniak et al., 2004) .
It has been shown that PERK activation causes loss of cyclin D1 and G1 cell cycle arrest either through inhibition of cyclin D1 translation or increased degradation (Brewer and Diehl, 2000; Brewer et al., 1999; Raven et al., 2008) . In parallel, ribosomal biogenesis is rapidly repressed by PERK (DuRose et al., 2009 ) and subsequent binding of free ribosomal proteins to the E3 ligase MDM2 appears to stabilise p53 and cause G1 arrest (Zhang et al., 2006) . However, PERK-dependent activation of the GSK3 during ER stress has been shown to destabilise p53 (Baltzis et al., 2007; 
A minimum of three independent repeats were performed for each cross. Images of typical progeny are shown. (D)Schematic pathway to show PERK-mediated phosphorylation of eIF2 leads to translation attenuation during ER stress. Inhibition of protein translation induces CHK1 phosphorylation, which in turn impairs cell cycle progression in part by depletion of cdk2-cyclin-E activity. Qu et al., 2004) . Moreover, growth arrest is only attenuated, not abolished in Perk -/-cells, suggesting additional regulation (Zhang et al., 2006) .
Our observations confirmed the slow onset of G1 arrest during ER stress, but surprisingly this was not reproduced by isolated PERK activation. Therefore, current models in which PERK mediates cyclin D1 loss to cause G1 arrest appear to be incomplete. G2 delay might be an ancient response to ER stress, predating the evolution of PERK. In yeast, which lack PERK, a delay in G2-M phase has been described following treatment with ER-stressinducing agents (Bonilla and Cunningham, 2003) . Interestingly, in yeast, this requires active Swe1p kinase, which is responsible for inhibitory phosphorylation of the cyclin-dependent kinase Cdc28p and is functionally antagonised by Mih1p/CDC25 (Russell et al., 1989) .
It is important to note that PERK expression generated an obvious phenotype in the fly eye, but isolated PERK activation in CHO-K1 cells had little effect on cell cycle progression. Primary retinal cells have intact cell cycle checkpoints, whereas CHO-K1 cells are defective in some aspects of checkpoint signalling, for example via p53 (Hu et al., 1999) . However, in HCT116 cells, which express wild-type p53, an ER stress-induced G2-M checkpoint was seen that was dependent upon CHK1. In addition, the eye phenotype is likely to integrate the effects of PERK signalling on the cell cycle, cell death and developmental programmes, whereas the CHO-K1 cell experiments were designed primarily to test effects of CHK1 phosphorylation and cell cycle phase.
The relevance of p53 signalling to the phenotypes observed in each system is unclear, because the p53 orthologue of Drosophila regulates apoptosis in a manner analogous to its mammalian counterpart, but it lacks an effect on cell cycle progression. It has been proposed that cell cycle regulation by p53 might have evolved subsequent to the divergence of vertebrates and arthropods (Steller, 2000) . Since CHK1 is able to phosphorylate and activate p53 (Shieh et al., 2000) , it will be of great interest to determine whether any of the grapes or CHK1-mediated effects observed in our study are mediated by p53.
Our observation that CHK1 has a role in the loss of CDC25A during ER stress suggests an additional mechanism by which PERK contributes to G1 arrest, because CDC25A is required to maintain the activity of cdk2-cyclin-E and allow entry into S phase (Malumbres and Barbacid, 2009 ). However, since isolated PERK activation does not induce G1 arrest, it appears likely that additional signals are required. In addition, our finding that CHK1 mediates an earlier G2 delay is consistent with previous work showing that disruption of the CHK1-CDC25A pathway abrogates S and G2 checkpoints following exposure to ionising radiation (Zhao et al., 2002) .
A CHK1-dependent increase in sub-G1 late apoptotic HCT116 cells was noted during ER stress. This was remarkable, because in the context of DNA damage, CHK1 signalling is anti-apoptotic (Myers et al., 2009) . When, as a result of defective CHK1 signalling, cells enter mitosis with damaged DNA, the result is mitotic catastrophe and cell death (Francesconi et al., 1997; Huang et al., 2005) . The absence of such a response during ER stress suggests that the G2-M checkpoint does not serve to protect the cell from DNA damage accompanying ER stress. Instead, it is plausible that cell cycle progression is delayed during ER stress so that daughter cells are not faced immediately with impaired ER function following mitosis. This might, for example, provide additional information regarding nutritional status to the cell cycle machinery. Further work will be needed to determine whether inhibition of CHK1 will be anti-apoptotic during ER stress. In diseases characterised by ER-stress-induced cell death this might prove therapeutically useful. However, because CHK1 inhibition is currently being pursued as a chemotherapeutic option, it will be necessary to ensure that CHK1 inhibitors do not enable ER-stressed tumour cells to survive hypoxic environments more efficiently.
The current study does not address directly the mechanism by which CHK1 is activated by translational repression. A number of possibilities exist. Turnover rates vary dramatically between proteins and so inhibition of their synthesis can rapidly lead to changes in the ratios of effector and inhibitory factors. For example, activation of the transcription factor NFB during ER stress involves the rapid decay of its antagonist IKB (Deng et al., 2004) . It is plausible that translational attenuation might similarly lead to the loss of a CHK1 inhibitor. Alternatively, a ribosomal stress signal might activate the CHK1 pathway in addition to stabilising p53 (Zhang et al., 2006) .
Our study demonstrates that CHK1 is activated during ER stress by PERK repression of protein translation. It is plausible that activation of CHK1 mediates some of the growth inhibitory effects seen during ER stress. However, it is likely that the ISR interfaces with the cell cycle at several levels owing to the short life of many cell cycle regulatory proteins.
Materials and Methods
Expression plasmids
The cDNAs for PERK and KR PERK were kindly provided by Cesar de Haro, Centro do Biologia Molecular 'Severo Ochoa', Madrid, Spain (Pomar et al., 2003) . Both cDNAs were inserted downstream of Gal4 UASs (UAS-PERK and UAS-PERK-KR) in the pUAST plasmid by directional cloning following BglII and NotI digestion. Tobacco etch virus (TEV)-cleavable GST-PERK fusion protein was generated by transfer of the PERK coding sequence into pGV67 (a gift from Brad Nolan, Yale University, New Haven, CT). UAS-GADD34 was generated by directional cloning of mGADD34 cDNA (Novoa et al., 2001 ) into pUAST digested with BglII and XhoI.
Drosophila stocks
Transgenic lines were generated by embryonic injection of each pUAST construct (EMBL Injection Service, Heidelberg, Germany) and progeny were balanced using classical genetics. The UAS-PERK-WT line used herein was an insert on chromosome III. GMR-Gal4/CyO; UAS-PERK/TM6b stocks were generated for the genetic screen and crossed with UAS-GADD34/CyO to confirm the phenotype as an 'on' pathway effect. (Leulier et al., 2006) , UAS-Tau and UAS-R406W Tau (Wittmann et al., 2001 ) gifts from Sara Imarisio (University of Cambridge, Cambridge, UK). grp 1 /CyO-LacZ (Fogarty et al., 1997) and grp 209 /Cyo-GFP flies (LaRocque et al., 2007) were from Tin Tin Su (University of Colorado, Boulder, CO). The GS-element (Toba et al., 1999) library used for the genetic screen has previously been described (Rival et al., 2009) . All stocks had the w 1118 genetic background and were maintained at 18°C using standard techniques unless otherwise stated.
To express PERK conditionally in mosaic clones, a combination of FRT-mediated flip-out system (Zecca and Struhl, 2002) and the Gal4-Gal80 gene expression strategy (McGuire et al., 2003) were used. In brief, flp recombinase was expressed using the eye specific promoter to flip-out a GFP-stop cassette, thereby activating Gal4 expression. In the background, Gal80 ts was expressed to block Gal4-driven PERK expression. To activate PERK expression conditionally, the temperature was shifted to 25°C, which inactivated Gal80 ts and allowing Gal4-driven UAS-PERK expression.
Genetic screen
Males from the GS library were crossed to virgin females expressing the PERK transgene and GMR-Gal4 driver. The eye morphology of offspring was scored independently by two microscopists. GS lines that strongly rescued eye morphogenesis were retested to confirm the effect and then the transposon insertion sites were mapped by inverse PCR (iPCR).
Inverse PCR
Genomic DNA was extracted from each GS insertion line and digested with the restriction enzyme Sau3AI, which cut in the middle of the GS element as well as regularly throughout the Drosophila genome. Digested DNA was then circularised using T4 DNA ligase to provide a template for the inverse PCR reaction. The 5Ј and 3Ј ends of the GS element and the contiguous fragments of genomic DNA were amplified using PCR and then sequenced. The resulting sequences were checked using the BLAST algorithm on FlyBase to view the site of integration (http://flybase.bio.indiana.edu/blast).
Cell culture and transfection
Stable clones of CHO cells expressing Fv2E-PERK have been described previously (Lu et al., 2004a) . These were treated with AP20187 as indicated (ARIAD; www.ariad.com/regulation kits). Lysates were prepared in 0.5% Triton X-100, 100 mM NaCl, 20 mM Tris-HCl, pH 7.4, 1 mM DTT, 1 mM PMSF, 4 g/ml aprotinin, 2 g/ml pepstatin A, 10 mM tetrasodium pyrophosphate, 15.5 mM -glycerophosphate, 100 mM NaF. Perk +/+ and Perk -/-MEFs have been described previously (Harding et al., 2000b) eIF2 AA and eIF2 SS MEFs were a gift from Randal J. Kaufman (Howard Hughes Medical Institute, Chevy Chase, MD) and HCT116 cells were a gift from Paul Lehner (Cambridge Institute for Medical Research, Cambridge, UK). HCT116 cells stably transfected with inducible CHK1 siRNA or scrambled control siRNA were a kind gift from Giovanna Damia (Istituto Mario Negri, Milan, Italy) (Ganzinelli et al., 2008) .
Immunoblot and immunohistochemistry
Mammalian PERK, CHOP and GADD34 were detected with polyclonal antisera as described previously (Marciniak et al., 2004) . Drosophila PERK was detected using a polyclonal antiserum raised against the kinase domain of recombinant PERK. Briefly, a GST-PERK kinase domain was expressed in BL21 E. coli and purified using Glutathione affinity beads (Amersham Biosciences, Sweden). The kinase domain was cleaved from the GST using TEV protease. The protease was then removed by Ni-NTA affinity matrix (Qiagen, Hilden, Germany) and the purified PERK kinase domain used to immunise two rabbits (Cambridge Research Biochemicals, Cleveland, UK). Anti-PERK antiserum was used at a dilution of 1:1000. Commercial antibodies used were CHK1 (#2345, Cell Signaling), phosphoserine 317 CHK1 (#2344, Cell Signaling), cyclin D1 (mouse monoclonal DCS6, #2926, Cell Signaling) and CDC25A (mouse monoclonal F-6, sc-7389, Santa Cruz). Imaginal discs were stained using standard techniques. Antibodies used were 1:50 anti-BrdU antibody (BD Pharmingen), 1:500 polyclonal rabbit anti-phospho Histone H3 (Ser10) antibody (Millipore, Billerica, MA), and 1:200 mouse monoclonal anti-ELAV (clone 9F8A9, Developmental Studies Hybridoma Bank at University of Iowa). The anti-PERK antiserum was affinity-purified against the same epitope before use.
